Although cancerous cells and normal cells are known to have different elasticity values, there have been inconsistent reports in terms of the actual and relative values for these two cell types depending on the experimental conditions. This paper investigated the mechanical characterization of normal hepatocytes (THLE-2) and hepatocellular carcinoma cells (HepG2) using atomic force microscopy indentation experiments and the HertzÁSneddon model, and the results were confirmed by an independent de-adhesion assay. To improve the reliability of the data, we considered the effects of tip geometry and indentation depth on the measured elasticity of the cells. This study demonstrated that THLE-2 cells had a higher elastic modulus compared with the HepG2 cells and that this difference was more significant when a conical tip was used. The inhibitor study indicated that this difference in the mechanical properties of THLE-2 and HepG2 cells was mainly attributed to differential arrangements in the cytoskeletal networks of actin filaments. An independent de-adhesion assay also confirmed that THLE-2 cells had a higher elastic modulus compared with the HepG2 cells, which resulted in a shorter time constant for cellular contractility.
Introduction
Cellular mechanical properties and the associated forces involved in cytoskeletal structures can reflect the specific pathological conditions of a cell. In recent years, there have been a considerable number of reports on the relationship between the biomechanical properties of cells and diseases, such as cancer (Guck et al. 2005; Cross et al. 2007; Suresh 2007a Suresh , 2007b , and these changes in the cellular biomechanical properties have recently emerged as an indication of disease (Plewes et al. 2000; Cochlin et al. 2002; McKnight et al. 2002; Bercoff et al. 2003; Salomon et al. 2008) . Therefore, the mechanical characterization of cells has the potential to be used as a quantitative diagnostic tool. Additional recent reports have shown that the utilization of the physical characterization of cancer versus normal cells adds another dimension to the analysis of these cells for improved diagnosis of cancer (Cross et al. 2007 ). Because classical diagnostic methods using cytomorphology and immunohistochemistry are associated with difficulties due to morphological uncertainties between normal and cancerous cells as well as the extreme biochemical diversity of diseased cells, effective use of multiple techniques for diagnostic confirmation is desired, given that cancerous cells and normal cells display common mechanical properties (Cross et al. 2007 ).
A wide range of different measurement techniques have been utilized to measure the mechanical properties of cells; these include micropipette aspiration, magnetic twisting cytometry, and optical tweezers (Table 1) . Microscale or nanoscale indentation is another technique that can depict a mechanical response or property at the single-cell level. Atomic force microscopy (AFM) indentation, for example, has been widely used due to its high resolution and sensitivity as well as its deeper probing range (Shroff et al. 1995; Goldmann & Ezzell 1996; Cross et al. 2007 ). The HertzÁSneddon (HS) model has been most widely and conveniently used to estimate the elastic moduli of cells for the forceÁdisplacement curves obtained from AFM measurements (Cross et al. 2007 ). However, the elastic modulus estimated using the HS model depends on the tip geometry and indentation depth (Mathur et al. 2001; Costa 2003; Kamgoué et al. 2007 ; Unnikrishnan et al. 2007 ). To improve the diagnostic significance of the measured elasticity, tip geometry and indentation depths need to be optimized so that the measured values are reproducible and reliable. Therefore, in this study, we characterized elastic modulus distributions with different indentation depths using two types of tips with different geometries, namely a cone and a sphere, to suggest the appropriate tip geometry and indentation depth. Two liver cell types, normal hepatocytes (THLE-2) and hepatocellular *Corresponding author. Email: j_shin@kaist.ac.kr Current address: Jennifer H. Shin, Graduate School of Medical Science and Engineering, Korea Advanced Institute of Science and Technology, Room 2214. ME bld. KAIST, 373-1 Guseong-dong, Daejeon 305Á701, Republic of Korea carcinoma cells (HepG2), were selected for this study. The elastic moduli of both cells were approximated using the well-known HS linear model. The proper tip geometry and indentation depth were investigated using conical and spherical AFM tips, and a point-wise HS analysis was used to improve the diagnostic significance. In addition, the contribution of each cytoskeletal protein to the measured mechanical property differences between normal and cancerous cells was determined by disrupting each protein network using the appropriate chemical inhibitors. These results indicated that disparities in elastic moduli between normal and cancerous cells may reflect inherent differences in the actin cytoskeletal structure and organization. In parallel, an independent de-adhesion assay was performed to confirm that normal THLE-2 cells have a greater elasticity than do cancerous HepG2 cells, as indicated by the shorter time constant for contraction upon trypsin treatment.
Materials and methods

Sample preparation
THLE-2 (ATCC CRL-2706) and HepG2 (ATCC HB-8065) were purchased from ATCC. THLE-2 and HepG2 cells were cultured in a humidified atmosphere of 5% CO 2 at 378C in Bronchial Epithelial Cell Growth Medium (Lonza, CC-3170) and Dulbecco's Modified Eagle's Medium (Lonza, 12-604F), respectively and supplemented with 10% fetal bovine serum (16000-044, GIBCO, USA) and 1% penicillin/streptomycin (15140-122, GIBCO, USA). The subculture rate was between 1:4 and 1:6.The following three groups of samples were tested: untreated control cells, actin-disrupted cells, and microtubule (MT)-disrupted cells. Actin filaments were disrupted by treatment with 20 mM cytochalasin D (CD; Sigma Chemical, USA), and MTs were perturbed with 200 mM colchicine (Col; Sigma Chemical, USA). Cells were incubated in CD and Col for 30 minutes at 378C.
AFM indentation experiments
The Nanowizard II Bioscope (JPK Instruments, Germany) with the Biocell TM system (JPK Instruments, Germany), which is a liquid holder for biological applications, was used to probe adherent cells in the culture media. The AFM was coupled to an optical microscope (Zeiss Axiovert 200, Germany) to acquire Mathur et al. (2001) Endothelial, cardiac muscle and skeletal muscle cells
Atomic force microscopy HertzÁSneddon model Goldmann and Ezzell (1996) Mouse F9 embryonic carcinoma cells Atomic force microscopy HertzÁSneddon model Shroff et al. (1995) Cultured rat atrial myocytes Atomic force microscopy Elastic model Cross et al. (2007) Live Hénon et al. (1999) Human red blood cell membrane Optical tweezer Elastic model (shear modulus estimation) Dao et al. (2003) Human red blood cells Optical tweezer Finite element model optical images and determine surface topography. This combination allows users to position the AFM tip over the region of interest on the cell (Radmacher 1997) . To investigate the effects of tip geometries, the following two different tip geometries were tested following the calibration of the cantilever's spring constants using the thermal noise method: a conical tip end cantilever (Nanosensor TM , Switzerland) with a 0.10 N/m spring constant and a tip angle of 22.58and a 1-mm-sphere-particle-attached cantilever (Novascan Technologies, Inc., USA) with a 0.12 N/m spring constant. In spectroscopy mode, the interaction forces between the tip and the cells were monitored as the deflection of the AFM cantilever and were recorded as a forceÁdisplacement curve.
Immunostaining for fluorescence microscopy
To analyze the structural changes of both cell types, intracellular structure information was obtained from confocal fluorescence imaging. Cells were fixed in 3.7% formaldehyde for 10 minutes at 378C followed by permeabilization for 15 minutes in 0.2% Triton X-100. After rinsing with phosphate-buffered saline (PBS), cells were blocked in 3% bovine serum albumin for 60 minutes and probed with an anti-alpha tubulin antibody (1:200; A1112b, Molecular Probes, USA) at 48C to visualize the MT network. Cells were then labeled with a secondary antibody conjugated to Alexa Fluor 488 (1:200; A11001, Molecular Probes, USA) for 30 minutes at room temperature, followed by a brief rinse with PBS. The cells were then stained for actin with Alexa Fluor-568 phalloidin (1:50; A12380, Molecular Probes, USA) for 30 minutes. Finally, the cell nuclei were labeled with DAPI (300 nM; D1306, Molecular Probes, USA) for 3 minutes, and the cells were then mounted in Vectashield (H-1000, Vector Laboratories, USA). Cells were imaged with a fluorescence microscope (Axiovert 200M, Zeiss, Germany).
Hertz Á Sneddon model
The HS model is a linear contact model based on simplified assumptions of a semi-infinite, homogeneous, and isotropic material. This model has been the most widely accepted model for elastic modulus estimations of engineering materials, and its applications have been expanded to include biological tissues and cells (Ottensmeyer 2001; Cross et al. 2007 ). The elastic modulus equations from this model for conical and spherical tip geometries are defined as follows:
q , respectively, where n represents Poisson's ratio; a, F, R, and d z represent the angle, load, and radius of the spherical tip, respectively; and d z represents the indentation depth as shown in Figure 1a THLE-2 cells had a higher elastic modulus than HepG2 cells, and this difference was more significant when a conical tip was used. (d) As shown in the histograms of Young's modulus for a quantitative comparison between HepG2 and THLE-2 cells, the THLE-2 and HepG2 cells exhibited significantly different trends, featuring a narrow peak for HEP-G2 cells and a broad peak for THLE-2 cells with distinguishable peak values despite a gray zone with overlapping elasticity values. assumed to be incompressible (Charras et al. 2001) . To extract the elastic moduli (E and F) as a function (d z ) from the indentation curve, the data were fitted to the aforementioned HS equations for the given tip geometries. Due to the difficulties in accurately identifying the contact point, however, we adopted the method suggested by Radmacher (1997) , in which they used two discrete post-contact data points to solve for Young's modulus rather than fitting the entire postcontact data set (Radmacher 1997) . In this study, we estimated the elastic modulus of the cells from one data value near the contact point and the other at a 1 mm indentation depth point.
De-adhesion assay
To confirm the different elastic moduli of THLE-2 and HepG2 cells, a de-adhesion assay, which is a powerful tool to probe the contractility of adherent cells, was performed according to the protocol suggested by Sen and Kumar (2009) . Prior to trypsinization, the media was removed, and the cells were briefly washed with PBS. Cells were then treated with a warm 0.5% trypsin/ EDTA solution (15400, Gibco, USA) for detachment. Images were acquired with an inverted microscope (Axiovert 200M, Carl Zeiss) that was equipped with an incubator chamber for controlled temperature, humidity, and CO 2 . Images were taken at 10 second intervals until the cells became rounded and eventually detached with no further apparent change in the spread area. The de-adhesion dynamics were quantified by determining the cell spreading area at different time points using ImageJ (NIH). The time-dependent normalized area was acquired by dividing the difference between the cell area at time t and the initial spread area [A initial A(t)] by the difference in area between the first and last time points (A initial A final ). The normalized area versus time data were then fit to a Boltzmann sigmoidal curve to yield two characteristic time constants as follows:
ÀðtÀs 1 Þ=s 2 ; where t 2 is inversely proportional to the cellular elasticity (Sen & Kumar 2009 ).
Results
Cellular properties according to the Hertz Á Sneddon model
The two tip geometries, namely conical and spherical, were compared using the HS model to estimate the cellular elasticity of THLE-2 and HepG2 cell types. Figure 1b shows the elastic modulus variations as a function of indentation depth for both THLE-2 and HepG2 cells using the two types of tips. With a conical tip, an unusually high modulus was observed at indentation depths of less than 0.2 mm, which may be attributed to a low signal-to-noise ratio due to thermal fluctuations near the plasma membrane (Mathur et al. 2001) . Beyond this point, the elastic modulus stabilized, and statistically distinctive values for the normal and cancerous cells were obtained. With a spherical tip, a high modulus region near the plasma membrane existed, and the modulus increased beyond 500 nm as the indentation depth increased, which may have stemmed from either the nucleus, which has a stiffer modulus than the rest of the cytoplasm (Dong et al. 1991; Maniotis et al. 1997; Caille et al. 2002; Kim et al. 2011) , or the rigid glass substrate. Because the spherical tip was bulkier, the substrate effect was more severe for the spherical tip than the conical tip. Moreover, the spherical tip failed to yield a significant difference between the two cell types, contrary to the results obtained using a conical tip. Based on these results, we decided to use a conical tip with an optimal indentation depth of 1 mm, where the effects of thermal fluctuations on the cell surface and underlying substrate were minimal and there was a maximal separation between the two cell types. For a comparative study, we plotted the average values at a 1 mm depth for both cell types using two types of probes, as shown in Figure 1c . For a conical tip, the cellular elastic modulus in THLE2 and carcinoma cells exhibited an average of 11.7391.73 kPa (n 021) and 3.4890.56 kPa (n 032), respectively (Figure 2a) , resulting in significantly different averages between the two cell types. For the spherical tip indentation, the average elastic modulus in the THLE-2 and HepG2 cells was 0.3890.35 (n 014) and 0.2690.26 kPa (n 011), respectively, with a Pvalue of 0.3694 (Figure 1c) . To investigate the feasibility of these data for diagnostic use, the occurrence frequencies were counted to generate a quantitative comparison between the two cell types. Although a gray zone existed with overlapping elasticity values between the THLE-2 and HepG2 cells, the THLE-2 and HepG2 cells exhibited significantly different trends, consisting of a narrow peak for the HepG2 cells and a broad peak for the THLE-2 cells with distinguishable peak values (Figure 1d ). The broader distribution may have occurred because THLE-2 cells vary greatly in size. Moreover, the distribution is expected to narrow with an increasing number of samples. Nonetheless, these results demonstrated the feasibility of similar data to be used for the purpose of increasing the accuracy of cancer diagnosis. Because the tip geometry and indentation depth dependence on elasticity could lead to unavoidable discrepancies in terms of the cell properties or incorrect diagnostic evaluations, especially for spherical tips (Mathur et al. 2001; Costa 2003; Kamgoué et al. 2007; Unnikrishnan et al. 2007 ), conical tips are considered to be more suitable.
Cytoskeletal analysis under disruptive conditions
Given that normal THLE-2 cells had a significantly higher elastic modulus than did cancerous HepG2 cells, we next investigated the key contributor responsible for the high elasticity of THLE-2 cells. Because cytoskeletal proteins influence cellular mechanical properties as the primary force-bearing structure (Stamenović & Coughlin 1999; Wang & Stamenović 2000 ; Wu et al. , and actin-disruptive (CD) conditions. For all conditions, THLE-2 cells had higher elastic moduli than did cancerous cells. The elastic modulus differences resulting from the actin-disruptive condition were statistically insignificant with a P-value of 0.0141. This result implied that the key contributor for a higher modulus in normal cells is the inherently stronger expression and structural organization of actin filaments in normal cells.
2000; Svetina et al. 2001) , we investigated whether apparent differences in the actin and MT networks existed between these two cell types. As compared to HepG2 cells, THLE-2 cells had more prominent actin stress fibers, which are responsible for cellular contractility, but the structural organization of the MTs in both cell types was not very different qualitatively where both exhibited well-spread filamentous network throughout the cytoplasm with higher concentration around the nucleus (Figure 2a) . Schematic illustrations shown in the figures qualitatively represent these differences in two cytoskeletal proteins in THLE-2 and HepG2. To test whether these differences in actin structures between the two cell types were responsible for the differences in cellular elastic moduli, we performed an inhibitor study to disrupt actin filaments, and we measured the elastic modulus in each cell type after treatment with CD, which selectively disrupts filamentous actin. For comparison, MTs were also disrupted by colchicine treatment, and the elasticity measurements were performed (Figure 2b) . A conical tip and an indentation depth of 1 mm were used for the HS model analysis. As shown in Figure 2c , the average elastic modulus for the THLE-2 cells was 11.7397.93 kPa (n 021) in control cells with no chemical treatment, 9.3897.96 kPa (n 019) in MT-disrupted cells, and 4.1892.61 kPa (n 016) in actin-disrupted cells. As shown in Figure 2c , the average elastic modulus for HepG2 cells was 3.489 3.16 kPa (n 026) in control cells with no chemical treatment, 3.7591.83 kPa (n 08) in MT-disrupted cells, and 1.9791.46 kPa (n 012) in actin-disrupted cells. Although normal THLE-2 cells had greater elastic moduli than did the cancerous cells, the disruption of cytoskeletal proteins, particularly actin disruption via CD, resulted in similar elastic moduli values for both cell types (P-value 00.014). This result implied that upon disruption of actin filaments, the differences in the elastic moduli of the two cell types were no longer significant, thus indicating that the key contributor for a high modulus in normal cells must be the inherently stronger expression and cell-specific structural organization patterns of actin filaments. Although MT disruption by colchicine disrupted MT organization, the consequential effect on the elastic modulus was minimal, which was similar to previously published results (Wu et al. 2000) .Therefore, we concluded that the elastic modulus difference between HepG2 and THLE-2 cells arises from their inherently different expression level and structural organization patterns of actin filaments.
Elastic moduli confirmation measured by a deadhesion assay
The AFM results indicated that THLE-2 cells had a greater elasticity than HepG2 cells. To confirm this difference in elasticity between the two cell types, we performed a de-adhesion assay, as proposed by Sen and Kumar (2009) . To perform the de-adhesion assay, THLE-2 and HepG2 cells were cultured on glass substrates for 48 hours and were then subjected to trypsin-EDTA treatment to induce detachment. As the adherent cells were enzymatically detached, the rate at which the cells rounded was quantified to obtain the time constant for cellular contractility. As shown in Figure 3a , the detachment response of both cell types consisted of the following three well-defined phases: initial lag period, rapid cell contraction, and plateau phase. These phases were fit to a sigmoidal curve with two characteristic time constants, t 1 and t 2 , whose values represented the mechanical state of the cells. Figure 3b shows a schematic representation of the detachment process, where t 1 (iÁii) represents the adhesion strength of the cell relative to the substrate (which also depends on cellular contractility) and t 2 (iiÁiii) characterizes the elasticity (or contractility) of the cell in an inversely proportional manner (Sen & Kumar 2009 ). As shown in Figure 3c , THLE-2 cells showed much shorter t 1 and t 2 values with a higher elasticity compared with HepG2 cells; this result was consistent with the AFM-based measurements. Because cells with a higher elasticity will contract more rapidly upon protease treatment for detachment, we expected the t 2 values to be lower. Because the deadhesion dynamics are closely related to the internal tension imposed by the tension-bearing actin stress fibers, it is likely that the THLE-2 and HepG2 cells exhibit different intracellular cytoskeletal organization. As demonstrated by the immunofluorescence images in Figure 2a , THLE-2 cells showed stronger stress fiber arrays as compared to HepG2 cells. When the stress fibers were disrupted by CD that interferes with actin polymerization, cellular elasticity was significantly reduced. Because the HepG2 cells are less elastic, these cells should require more time to contract to their original state and therefore exhibit a larger time constant. Although this assay was unable to provide numerical values of the elastic moduli, it confirmed the AFM-based elasticity measurements that demonstrated the differences in the cellular mechanical properties between the two cell types.
Discussion
In this study, we reported differences in elasticity, as obtained by AFM, between HepG2 cells and THLE-2 cells, and we investigated the key factors contributing to the differential mechanical properties of the two cell types. The mechanical characterization based on the HS model showed that this model could provide diagnostic potential for liver cancer because THLE-2 and HepG2 cells exhibited significantly different elasticity ranges, and there was a significantly higher average elastic modulus for the THLE-2 cells compared with the HepG2 cells. This difference was also confirmed by a de-adhesion assay where THLE-2 cells exhibited much shorter contraction times than did HepG2 cells. Based on these results, we confirmed the diagnostic potentials of AFM-based measurements and de-adhesion assays for liver cancer diagnoses. Because the mechanical properties of cells are closely associated with the internal tension induced by actin cytoskeletal forces, we confirmed that THLE-2 cells have more prominent actin stress fibers than do HepG2 cells. Upon disruption of these stress fibers by inhibiting actin polymerization with CD treatment, the difference between the elastic moduli of the two cell types became much less significant. Based on these observations, we concluded that the difference in the cellular elasticity of THLE-2 and HepG2 cells could be attributed mainly to differential arrangements of actin stress fibers. These results demonstrate that the HS model has limitations, including property variation, which depend on the indentation depth and tip geometry. To improve diagnostic significance, the mechanical AFM measurements require the appropriate tip geometry and indentation depth. Because the P-value resulting from a comparison between HepG2 and THLE-2 cells using a conical tip exhibited more significant results than those obtained with aspherical tip with an indentation depth of less than 1500 nm, the conical tip indentation was selected as more appropriate for accurate liver cancer diagnoses. The variation in the modulus for indentation depths of less than 200 nm may have been due to thermal fluctuation at the cell surface (Mathur et al. 2001) . As the probe indents deeper into the cell, the apparent elastic modulus gradually increases because the measurement is affected by the underlying substrate or nucleus as the deformation by the AFM tip becomes larger (Radmacher 1997; Costa & Yin 1999) . In the case of a spherical tip, the apparent difference in the elastic moduli between THLE-2 and HepG2 cells resulted in a steeper incline at a deeper probing range. However, substrate contribution is of less importance in the case of a conical tip indentation, and this contribution has been shown to be negligible when the strain is less than 25% (Mahaffy et al. 2000) . Therefore, indentation depths for AFM experiments should be selected after taking into account the nucleus, substrate, and thermal fluctuation effects (Costa & Yin 1999; Pesen & Hoh 2005) . Provided that the experimental conditions were properly selected, these results demonstrate the implications of mechanical characterization using both AFM-based measurements and de-adhesion assays for use in the diagnostic confirmation of liver cancer. Prior to any practical application of such techniques for the purpose of cancer diagnosis, however, one would need to test primary samples from cancer patients.
